earlier studies of Rhode (2 I). Other workers have contended that the initial fiber length, reflected in the ventricle's end-diastolic volume, was of primary importance (4, 7, 27 (I, 8, I o, 12) demonstrating that the maximum rate of heat liberation was proportional to the maximum velocity of muscle shortening.
The present investigation was designed to explore the proposition that, in addition to the tension developed by the myocardium, the velocity of myocardial contraction is an important determinant of MVo2. The basic experimental plan was to measure the MVo2 of the dog heart in a preparation in which the stroke volume, aortic pressure, and heart rate could be h. mg/kg), chloralose (I oo mg/kg), and urethane (40 mg/kg). The chest was entered through a sternal splitting incision and ventilation maintained with a Harvard respiratory pump, using IOO % 02* The animals were heparinized (500 U/kg). The venae cavae were then cannulated and the venous return was diverted into a reservoir from which bypass of the right heart was carried out using an occlusive roller pump that supplied blood to the pul .monary artery through a cann ula inserted via where MAP = mean blood pressure, LVEDP = left ventricular end-diastolic pressure (in mm Hg), and SV = stroke volume (in ml). Stroke power (in g-m/set) was obtained by dividing stroke work by the duration of ejection, while mean ventricular ejection rate (in ml/set) was calculated by dividing the stroke volume by the duration of ejection. The maximum rate of left ventricular ejection was determined from the peak deflection of the electromagnetic flowmeter tracing. This value for maximum flow velocity in the ascending aorta does not, of course, take into account that very small fraction of blood which enters the coronary circulation during early systole (6). The tension-time index (TTI) (in mm Hg/ set) was calculated as the product of the mean systolic pressure and the duration of ejection (23) The velocity of ventricular contraction was altered by I) paired electrical stimulation (PS) (22) in g experiments, 2) infusion of norepinephrine (NE) (0.25-20 pg/ min) in 10 experiments, 3) infusion of calcium (Ca) (0. I I-I. 7 mEq/min) in 3 experiments, 4) the combination of NE and PS in 3 experiments, and 5) the combination of Ca and PS in 3 experiments.
RESULTS
The results of all of the experiments are presented in Table I , and the tracings from a typical experiment are shown in Fig. 2 . Throughout a given experiment mean aortic blood pressure, effective heart rate and stroke volume were kept constant, so that stroke work remained essentially unchanged.
In five dogs (Table I , exps. I, 3-6) the effects of PS on cardiac dynamics and Mvoz were first determined.
Following cessation of PS, NE was infused in a dosage sufficient to induce alterations in dynamics similar to those resulting from PS and the MVoz was then remeasured. During PS the mean percentage increment in the peak velocity of left ventricular ejection was 51.8 =t 2.6 5% (SE of mean) (Fig. 3) , the increase in the maximum rate of left ventricular pressure development (dp/dt) was 102.1 rt 3.3 % (Fig. 4) , and in the mean ejection rate it was z I .2 rt I .4 % (Fig. 5) . During NE infusion these variables increased to a similar extent, peak ejection rate rising by 52.9 =t 3.2 % (Fig. 3) , dp/dt 106.0 =t 3.0 % (Fig. 4) , and mean ejection rate 25.4 & I .4 % (Fig.5) . Both the absolute and relative increases in MVo, during these two interventions were almost identical, averaging I .g6 =t o. I o ml/r oo g per min or 39.8 =t I .6 G/c of control during PS, and 2.03 & 0.08 ml/r oo g per min or 34.8 It: 2. r % of control during NE infusion. Following these determinations the effects of combining PS and NE were determined in six experiments (Table I , exps. 2-5, 7, IO). A summation of effects both on cardiac dynamics and on Mvoz was observed, the maximum rate of left ventricular ejection increasing by an average of 106.5 =t 7.7 % of control (Fig. 3) Fig. 6 ). When calculated by integrating the area beneath the entire ventricular pressure pulse (Fig. 6 ), the TTI fell by an average of I 3.9 rt: 6.7 % of control during PS, by an average of I 5.9 =t 0.6 % during NE, and by an average of 28.9 =t 3.3 % during combined PS and NE. In three other dogs the hemodynamic variables de- Pr.), and rate of left ventricular pressure development (dp/dt). Below the tracings is shown velocity of aortic flow in ml/set (Ao. flow), the mean rate of ventricular ejection in ml/set (MER), the tension-time index in mm Hg/sec (TTI), and the corresponding myocardial oxygen consumption in ml/min (MVo,). Further details given in Table 1 , exp. r.
scribing the velocity of contraction were increased with PS and with Ca (exps. 7-g). Again, increases in M~QT were associated with reductions in the TTI (Table   I) .
When these two interventions were combined, a summation of mechanical effects occurred, as previously, and MVo, increased by an average of 6.4 f I .2 ml/r oo g per min, representing 108.2 f 6.6 % of control. A comparison of the results of increasing the velocity of contraction with the combinations of PS and NE on one hand, and of PS and Gaff on the other, revealed similar changes both in cardiac dynamics and Mvo,, even though these experiments were not carried out in the same animals in all instances. In the three experiments in which PS and NE were combined, the peak left ventricular ejection rate increased by an average of 106.5 f 7.7 %, while M\ioz increased by 5.53 f 0.28 ml/roe g per min (105. I f 6. I % of control) (Fig. 3) . The combination of PS and Ca* elevated the peak left ventricular ejection rate by an average of 94.4 f 4.g%, and increased M\joS by 6.4 f 1.2 ml/100 g per min (108.3 f 6.6%' of control) (Fig. 3) . Figure 7 illustrates an experiment in which each of these interventions was exployed in sequence. It may be noted that alterations of M$'os were accompanied by parallel changes in the peak rate of ventricular ejection, the d@/dt, mean rate of left ventricular ejection, and the left ventricular stroke power, while alterations in the TTI occurred in the opposite direction.
In four experiments (Table  I , ex/r.r. S, 7, IO, II), graded, smaller amounts of NE were infused in order to determine whether or not the smallest changes in the velocity of contraction which could be perceived would also affect M\ioz.
The results are summarized in the insert, Fig. 3 . It was observed that doses of NE which elevated the peak velocity of ejection by only I 5-17 % above control were clearly associated with increases of M\ioz.
As the amount of NE was increased, peak left ventricular ejection rate and M~OZ rose concomitantly.
DISCUSSION
The present experiments were designed to explore the relation between the velocity of myocardial contraction and the O2 consumption of the mammalian heart. Using the right-heart bypass preparation it was possible to keep the work of the left ventricle constant by maintaining mean arterial pressure, cardiac output, and heart rate constant, while those hemodynamic variables which reflected the velocity of myocardial fiber shortening, i.e., the maximum and mean rates of ventricular ejection and the rate of pressure development (dp/dt), the rate of myocardial fiber shortening was not-measured directly in these experiments, it is clear that the elevations of the mean and peak velocities of ventricular ejection which were recorded reflected increases in the rate of fiber shortening.
Thus, all three interventions which raised the velocity of contraction (PS, NE, and Ca) always reduced ventricular end-diastolic pressure, and an increase in the rate of ejection from a smaller end-di- astolic volume can result only from an increased shortening velocity of the myocardial fibers. It is recognized that the extent of myocardial fiber shortening did not remain absolutely constant following the inotropic interventions in these experiments, since the reduction in the size of the ventricle, reflected in a small decrease in the ventricular end-diastolic pressure, would require a small increase in the extent of myocardial fiber shortening to produce the same stroke volume. Although the tension developed by the myocardium is an important determinant of its 02 consumption (I 3, I 8, ag), increased tension could not have played a role in the augmentation of Mvos in the present experiments, since reductions in the size of the ventricle associated with the inotropic influences would actually be associated with decreases in myocardial wall tension at the same left ventricular systolic pressure.
From these considerations it seems clear that at a constant level of external ventricular work, Mvoz correlated most closely with the velocity of ventricular contraction. This was true regardless of the inotropic influences'by which the veolcity was augmented (Fig. 8) This action of the drug may be attributed in part to the marked reductions of ventricular end-diastolic pressure and volume which were induced, and the consequent lowering of myocardial tension through the operation of La Place's law (3). In the present studies, carried out on a nonfailing heart in which the left ventricular enddiastolic pressures in the control state averaged 6.2 mm Hg and never exceeded I I mm Hg, the pronounced increases in the velocity of contraction produced by NE were accompanied by only minimal reductions of enddiastolic pressure, while Mvo2 increased significantly. Thus, it is possible that the so-called oxygen-wasting effect exerted by norepinephrine on myocardial metabolism (20) may be explained largely by the increased velocity of contraction induced by this substance. Studies in skeletal muscle provide a precedent for the demonstration of the relation between Miio2 and the velocity of shortening.
Hill (8, IO, I 2) and Aubert (r ) have shown that the maximum rate of heat production by a muscle is directly related to its maximum velocity of shortening.
While in skeletal muscle the maximum velocity of shortening is essentially constant, except with changing temperature, in heart muscle the maximum velocity may be augmented by various inotropic interventions such as norepinephrine or calcium (25, 26). As emphasized by Podolsky (I g), such a shift in the velocity of contraction at a given load should be accompanied by an increase in the rate with which energy leaves the muscle. In studies concerned with the efficiency of skeletal muscle (9, I I), Hill showed that maximum efficiency is obtained only at an optimal load and velocity; as velocity was increased beyond this point, efficiency declined. It is also clear from the present study that when the velocity of myocardial shortening was increased the efficiency of the heart fell, since work was maintained constant while M%z increased. In conclusion, the present investigation indicates that Mvoz can be increased while myocardial tension is consistently decreased.
Thus, while the tension developed by the myocardium undoubtedly plays a significant role in determining Mvoz, neither the peak tension nor the TTI can be the sole determinants.
However, when the velocity of contraction was altered, concomitant changes in MTjoe were always observed; moreover, in each heart the greater the increase in velocity, the larger the augmentation of Mvoz.
As in other studies concerned with the determinants of Mvoz, the demonstration of a close correlation between M%z and another variable does not prove a simple cause and effect relationship.
Thus, in these experiments it is possible that factors in addition to the velocity of contraction, such as increases in the extent of myocardial fiber shortening, made some contribution to the elevation of MVo2. However, when considered in the light of the experimental data on skeletal muscle, the large simultaneous increases in the velocity of contraction and the MVoz suggest that the velocity of myocardial fiber shortening is an important determinant of the heart's oxygen requirements. 
